From the time of vitamin E discovery nearly a century ago by the pioneers in nutrition research at the University of California at Berkeley (1), the mechanisms of its action have been mainly associated with the antioxidant function (2) and protection against adverse effects of rancid fats as it was required to prevent fetal resorption in pregnant, vitamin E-deficient rats fed readily oxidizable lard-containing diets. Based on myriads of research papers describing details of action of eight natural isoforms of vitamin E as sacrificial chain-breaking lipid radical scavengers in biomembranes and lipoproteins (3, 4) , a plethora of preclinical studies and clinical trials have been conducted with the goal to minimize free radical damage associated with specific diseases and lifestyle patterns, including cancer, cardiovascular disorders, neurological impairments, strenuous exercise, aging, and environmental pollution. Despite optimistic expectations, the results of clinical intervention trials of vitamin E, alone or in combination with other antioxidants, and their subsequent meta-analysis did not reveal significant beneficial therapeutic or preventive effects (5) (6) (7) . Although issues of bioavailability and optimized regimens may explain, at least in part, disappointments in the clinical potential of vitamin E, another possible reason is that the initial concept of its major role as a free radical scavenger needs further refinement. This has lead to new concepts regarding vitamin E properties independent of its antioxidant, radical-scavenging ability, particularly as a signaling molecule and structural stabilizer of biomembranes (8, 9) . At present, the physiological function(s) of vitamin E still remain largely unclear (10) .
Recently, new pharmacological activities of tocopherol (TOC) 3 analogues, ␣-tocopherol succinate (␣-TOS) and ␣-tocopherol phosphate (␣-TOP) ( Fig. 1) , unrelated to the antioxidant activity, have been discovered in their applications as cardiovascular protectors and anti-cancer agents (11) (12) (13) (14) (15) . The anti-tumor potential of ␣-TOS was linked to its ability to stimulate production of reactive oxygen species by targeting mitochondrial complex II, thus triggering pro-apoptotic cascades in cancer cells. Inhibitors of succinate:quinone reductase activity of complex II promote production of mitochondrial reactive oxygen species and protect normal cells from ischemic damage but induce specific cancer cell death (16) . Accordingly, targeting of ␣-TOS into mitochondria by means of mitochondrially targeted vitamin E succinate (mito-VES, Fig. 1 ) via its conjugation with a cationic triphenylphosphonium group, enhanced the anti-tumor efficacy of the drug (17) .
Execution of the apoptotic program includes the role of reactive oxygen species in selective peroxidation of a mitochondriaspecific phospholipid, cardiolipin (CL) a process catalyzed by an intermembrane space hemoprotein, cytochrome c (18, 19) . The emergence of peroxidase catalytic competence of cytochrome c is associated with partial unfolding of the protein that paves the way for the interaction of hydrogen peroxide (and organic hydroperoxides) with the penta-coordinated heme at the catalytic site of the protein (20) . Structural analysis revealed the requirements sufficient for the fulfillment of the "unfolding task" by anionic phospholipid molecules: a combination of a negative charge(s), for the interaction with positively charged (Lys) residues on cytochrome c surface, with a hydrophobic moiety, for accessing the catalytic site through the hydrophobic pocket in the cytochrome c molecule (20, 21) . Accordingly, several anionic phospholipids, phosphatidylserine (PS), phosphatidic acid, phosphatidylglycerol, and phosphatidylinositols, have been identified as activators, although not as strong as CL, of the dormant peroxidase function of cytochrome c. Given that molecules of ␣-TOS and ␣-TOP contain the requisite propensities and given their reported pro-apoptotic potential, in this study we explored the ability of the two derivatives of vitamin E to induce structural re-arrangements and unfold cytochrome c, thus "awakening" its peroxidase activity and enhancing apoptosis.
EXPERIMENTAL PROCEDURES
Materials-Horse heart cytochrome c (type C-7752, Ͼ95%), diethylenetriaminepentaacetic acid (DTPA), D-␣-tocopherol succinate, (Ϯ)-␣-tocopherol phosphate disodium salt, 15 N isotope-labeled ammonium chloride (NH 4 Cl), H 2 O 2 , and cholesterol were purchased from Sigma. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,1Ј,2,2Ј-tetraoleoyl cardiolipin (TOCL), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and sphingomyelin from porcine brain were obtained from Avanti Polar Lipids (Alabaster, AL). 13 S-Hydroperoxy-9Z,11E-octadecadienoic acid ( 13 S-HpODE) was from Cayman Chemical (Ann Arbor, MI). Mito-VES has been synthesized and characterized as previously described (17) . LB medium and Silver SNAP stain kit were purchased from Thermo Fisher Scientific (Rockford, IL). The CM-Sepharose fast flow column was from Amersham Biosciences, Inc.. Amplex Red (N-acetyl-3,7-dihydroxyphenoxazine) reagent was obtained from Molecular Probes (Eugene, OR). Amicon Ultra 3K filters were obtained from EMD Millipore (Billerica, MA). The plasmid pJRhrsN2 was kindly provided by Dr. Jon Rumbley, Chemistry Department, University of Minnesota (Duluth, MN).
Expression and Purification of 15 N-Labeled Horse Heart Cytochrome c-The competent cells, strain C41 (DE3) SOLOs (Lucigen Corp.), were transformed with the plasmid, pJRhrsN2 (22) , containing the recombinant pseudo-WT (pWT) cytochrome c gene carrying two mutations, H26N and H33N associated with the higher expression yields in Escherichia coli (23) . Despite the mutations introduced, the pWT cytochrome c is structurally similar to WT cytochrome c (22, 23) and is a widely used as a model system (24 -26) . Cytochrome c was expressed and purified as described previously (22) . Briefly, 15 N-labeled pWT cytochrome c was expressed in E. coli by growing them in M9 minimal media containing 15 N-labeled NH 4 Cl. The expressed cytochrome c was purified using a CM-Sepharose fast flow column (22, 23) . Fractions with a 410/280 nm absorbance ratio Ͼ4.0 were collected, and their purity was checked by SDS-PAGE using Coomassie Blue staining and silver staining. Following this, the fractions containing pure cytochrome c were spooled and concentrated (ϳ2.8 mM) using an Amicon Ultra 3K filter. Thus prepared stocks were further aliquoted, 3 The abbreviations used are: TOC, tocopherol; TOS, ␣-tocopherol succinate; TOP, ␣-tocopherol phosphate; CL, cardiolipin; DTPA, diethylenetriaminepentaacetic acid; TOCL, 1,1Ј,2,2Ј-tetraoleoyl cardiolipin; DOPC, 1,2-dioleoylsn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; FFA-OOH, 13 S-hydroperoxy-9Z,11E-octadecadienoic acid; mito-VES, triphenylphosphonium-TOS; PS, phosphatidylserine; HSQC, heteronuclear single quantum coherence; PE, phosphatidylethanolamine; PDB, Protein Data Bank. snap frozen in liquid N 2 and stored at Ϫ80°C for NMR measurements.
Small Unilamellar Liposomes-Liposomes were prepared from DOPC and TOCL (1:1 ratio) by sonication in 20 mM HEPES buffer (pH 7.4) with 100 M DTPA.
Isolation of Mitochondria-The mitochondrial fraction was isolated from freshly obtained livers of adult male mice using differential centrifugation according to Ref. 27 . The preparation was carried out in MSH buffer (210 mM mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM EDTA, pH 7.5).
NMR Spectroscopy-1 H-15 N HSQC NMR spectra of uniformly 15 N isotope-labeled cytochrome c were obtained using a ϳ900 MHz Bruker spectrometer. Two-dimensional 1 H-15 N HSQC spectra of cytochrome c were acquired using a standard HSQC pulse sequence with 64 scans in the first dimension and 160 scans in the second dimension and a D1 delay of 1 s. Data acquisition was carried out using Topspin version 3.0 software (Bruker BioSpin Corp., Billerica, MA). Spectra were further processed and analyzed using NMRView (28) and Sparky (29) . The HSQC NMR spectra of cytochrome c in the absence and presence of TOC analogues, ␣-TOS (50, 100, 150, and 200 M) and ␣-TOP (50 and 100 M), were acquired using a 50 M purified 15 15 N HSQC spectra of pWT cytochrome c (22) were assigned using previously published NMR data, acquired under similar conditions (23) .
Computational Modeling Studies-Three-dimensional structures of ␣-TOP and ␣-TOS were docked to the crystal structure of native cytochrome c (PDB code 1OCD) using AutoDock Vina (30) . The presence of rotatable bonds imparted flexibility to the ligands. The structure of cytochrome c was considered to be rigid for docking. The grid box was centered at coordinates 0.244, 0.102, and Ϫ0.178 with 45-Å units in x, y, and z directions. This grid box covered the entire cytochrome c structure making the docking unbiased for different binding sites. The resulting orientations (a total of 9) in which the negative charged groups of ␣-TOP/␣-TOS are in close proximity to positively charged residues on cytochrome c were considered for analysis, as the electrostatic interactions between phosphate/ succinate moieties in ␣-TOP/␣-TOS and positively charged residues of cytochrome c play a major role in complex formation. The best ligand-bound receptor structure in each case was chosen based on lowest energy as well as the total number of conformations in that site. The interactions made by hydrophobic moieties in TOC analogues were ignored completely in this analysis as it is not clear whether they are presented as single ligands or as micelles to cytochrome c. If they are presented as micelles rather than a single ligand then the hydrophobic tails in ␣-TOP/␣-TOS are buried inside the micelle.
Peroxidase Activity Measurements-Assessments of cytochrome c peroxidase activity were performed in 20 mM HEPES buffer (pH 7.4) with 100 M DTPA using fluorescence of resorufin (oxidation product of Amplex Red) ( ex 570 nm; em 585 nm). 1 M cytochrome c was incubated with DOPC/TOCL liposomes for 10 min. Then 50 M Amplex Red and 50 M H 2 O 2 were added, and the incubation proceeded for an additional 20 min (reaction rate was linear in the entire time interval). Fluorescence was detected by employing a Fusion ␣ universal microplate analyzer and by using an excitation filter 535/25 nm and emission filter 590/20 nm.
Assessment of peroxidase activity of cytochrome c using fatty acid hydroperoxide as a source of oxidative equivalents for this reaction was performed by employing a Shimadzu RF5301-PC spectrofluorometer (Shimadzu, Japan). Cytochrome c was incubated with TOC analogues, or DOPC/TOCL liposomes for 10 min. Peroxidase reaction was started by addition of Amplex Red (50 M) and 13 S-HpODE (2.5 M) For better characterization of the reaction rate in these conditions, which was very high, we chose to decrease the concentration of cytochrome c to 0.2 M (versus 1 M used in the reaction fueled by H 2 O 2 ) and presented the initial reaction rate as the change in the fluorescence intensity during 10 s of incubation calculated during the first minute of incubation when the reaction was linear over time.
Peroxidase activity of mitochondria was assessed after their incubation with liposomes containing DOPE/sphingomyelin/ ␣-TOS (9:2:1) or cholesterol/polyethylene glycol-phosphatidylethanolamine conjugated with the triphenylphosphonium group (DOPC/cholesterol/triphenylphosphonium/PEG/PE/␣-TOS (6:2.5:0.6:1)) in 100 l of MSH buffer without EDTA for 45 min at 37°C. Incubation with triphenylphosphonium containing liposomes was performed in a buffer containing also 5 mM malate, 5 mM glutamate. Peroxidase activity of mitochondria (final concentration 0.25 mg of protein/ml) incubated with liposomes was determined in the presence of Amplex Red (50 M) and tBOOH (2 mM) by measuring fluorescence of resorufin, an oxidation product of Amplex Red. Fluorescence was measured using a Shimadzu RF5301-PC spectrofluorometer (at excitation and emission wavelengths of 570 and 582 nm, respectively).
Absorption Spectroscopy-Optical spectra were recorded in 20 mM HEPES buffer (pH 7.4) using UV160U spectrophotometer (Shimadzu, Japan) and a 50-l cuvette. For measurements of absorbance at 695 nm, the concentration of cytochrome c was 50 M. The absorbance in the 650 -750 nm area is strongly affected by a broad shoulder of the strong 550 nm peak. We approximated this by slowly changing the absorption shoulder with a linear function and subtracted the linear fit from the total spectrum. For quantitative assessment of the changes in the formation of high spin iron we used the height of peak at about 620 nm calculated by subtraction of absorbance reading at 675 nm from absorbance reading at 620 nm. Concentration of cytochrome c in these experiments was 75 M. Due to significant interference of light scattering, the baseline was subtracted from each individual spectrum before obtaining the differential spectra.
Cell 
RESULTS

Interaction Sites of ␣-TOS/␣-TOP on Cytochrome c-To
identify binding sites of tocopherol analogues on cytochrome c, we monitored interactions of ␣-TOP and ␣-TOS (Fig. 2) with the protein using NMR spectroscopy. Two-dimensional (Fig. 2C, residues colored in yellow) . Compared with NH signals in the absence and presence of ␣-TOP at a 1:1 ratio to cytochrome c, a slight decrease in intensity was observed in signals corresponding to a set of 6 residues at the 1:2 ratio of cytochrome c:␣-TOP (Fig. 2, A and B, residues colored in red). In addition to the signals that disappeared at a cytochrome c:␣-TOP ratio of 1:2, the chemical shifts corresponding to almost all residues, with the exception of Glu 104 , disappeared completely at a cytochrome c:␣-TOP ratio of 1:3. Moreover, the NH signals corresponding to the side chains, around 7 ppm, also disappeared at a cytochrome c:␣-TOP ratio of 1:3, suggesting binding of ␣-TOP to cytochrome c. Although a total of signals from four residues disappeared upon addition of a 2 times larger amount of ␣-TOP over cytochrome c, addition of 2 times excess ␣-TOS over cytochrome c only resulted in the complete disappearance of His 18 and Gly 23 NH resonance signals (Fig. 2B) . Furthermore, a set of 11 residues showed a significant decrease (Ͼ55%) in their signal intensities (Fig. 2D (Fig. 2B , peaks in yellow). Titration with ␣-TOP and ␣-TOS beyond 2-and 3-fold excess over cytochrome c, respectively, resulted in complete disappearance of the amide backbone signals, with the exception of Glu 104 and for some side chain signals around 7 ppm. Although the overall chemical shift perturbation patterns observed in cytochrome c signals upon addition of ␣-TOP and ␣-TOS were similar, the interaction of cytochrome c with ␣-TOP was stronger than with ␣-TOS, as lower amounts of ␣-TOP were required for inducing the effects similar to those of ␣-TOS (Fig. 2, A and B) .
The signals from the residues of cytochrome c that either disappeared or experienced enhanced line broadening upon titrating 2 times excess ␣-TOP/␣-TOS are highlighted in the cytochrome c structure (Fig. 2, C and D) . These residues are mostly localized to the proximal and distal ends of the heme. Some of the perturbed residues were also localized to regions that participate in hydrophobic interaction with the heme moiety, in line with previous studies where CL binding to cytochrome c was shown to significantly perturb the heme microenvironment (31) .
Absorbance at 695 nm-To further characterize interactions of ␣-TOS and ␣-TOP with cytochrome c and unfolding of cytochrome c in the presence of these compounds, we employed measurements of absorbance at 695 nm. This characteristic absorption band is associated with an axial coordination of the heme iron in cytochrome c by the sulfur atom of Met 80 (Fe-S(Met 80 )). The Fe-S(Met 80 ) bond is not very strong (32) and is located in an unstable region of the protein (33, 24) . Unfolding of cytochrome c is accompanied by rupture of this bond and decrease in absorbance at 695 nm. We found that incubation of cytochrome c with increasing amounts of ␣-TOS resulted in decreased 695 nm absorbance (Fig. 3) . Relatively high concentrations of ␣-TOS (␣-TOS:cytochrome c ratio, 15:1) were required to disrupt 50% of Fe-S(Met 80 ) bonding. Notably, ␣-TOP exhibited a much stronger ability to disrupt the Fe-S(Met 80 ) bond, eliminating 50% of the 695 nm absorbance at a ␣-TOP:protein ratio of 5:1. ␣-TOC, devoid of negatively charged moiety, had a significantly weaker effect than either of its derivatives, suppressing the absorbance by 30% at a ratio of 20:1.
Assessment of High Spin Iron State-Breaking of the ironMet 80 sulfur bond causes the transition of hexa-coordinated heme iron configuration into penta-coordinated and leads to the appearance of high spin heme iron due to decreased d-orbital splitting. This is diagnostic of a molten globule organization of the hemo-protein that is characteristic of many non-native cytochrome c states induced by guanidine hydrochloride, low pH, and elevated temperature, or formed when cytochrome c binds to anionic phospholipid vesicles, micelles, polyanions, and electrodes. This high spin heme iron was also found in microperoxidases produced by tryptic digestion of cytochrome c resulting in the loss of the sixth coordination bond and markedly elevated peroxidase activity (34, 35) . Therefore we used electronic absorption spectroscopy to spectrally distinguish between the high spin and low spin ferric hemes (36 -39) . We found that the presence of increasing amounts of ␣-TOS resulted in the formation of a new relatively weak band at about 620 nm, a slight intensity increase at about 495 nm, and a more pronounced shoulder at about 560 nm (Fig. 4A) . The differential absorption spectra created by subtracting spectra of cytochrome c from spectra of cytochrome c incubated with ␣-TOS demonstrated positive peaks at 480 -495 and 610 -625 nm accompanied by a clear trough at ϳ700 nm (Fig. 4B, inset) . These changes point to the formation of high spin iron, which parallel an intensity decrease of the 695 nm absorption band indicating breakage of the Fe-Met 80 bond. Quantitatively, both ␣-TOP and ␣-TOS induced concentration-dependent formation of high spin iron (Fig. 4B) , whereby the effects of the former were greater than those of the latter. TOCL was more effective than ␣-TOP and ␣-TOS as an inducer of the high spin iron especially at lower ratios to cytochrome c.
Molecular Docking Studies-To more accurately characterize ␣-TOS and ␣-TOP interaction sites on cytochrome c, we performed molecular docking studies using the three-dimensional structure of native horse heart cytochrome c (PDB code 1OCD). The predicted conformations that have at least one positively charged residue on cytochrome c in close proximity to negatively charged groups of ␣-TOP or ␣-TOS are shown in Fig. 5 . The binding of ␣-TOP and ␣-TOS to cytochrome c exhibited key differences in both predicted binding energies as well as their interaction sites on cytochrome c. The predicted binding energies for ␣-TOP and ␣-TOS were Ϫ4.3 and Ϫ5.6 Kcal/mol, respectively. In the case of ␣-TOP, the phosphate group was predicted to bind in close proximity (Ͻ5 Å) to residues Lys 72 and Lys 73 . Strikingly, ␣-TOS was predicted to localize to a different site on cytochrome c. The negatively charged succinate moiety of ␣-TOS preferentially binds in close proximity to Lys 22 and Lys 25 . These two binding sites are similar to previously proposed putative CL binding sites on cytochrome c (20) (42) . The similarity in binding between CL and TOC analogues (␣-TOP and ␣-TOS) further supports the ability of ␣-TOP/␣-TOS to induce unfolding of cytochrome c, triggering its peroxidase activity.
Peroxidase Activity-If interactions of cytochrome c with negatively charged TOC derivatives induce protein unfolding accompanied by a loss of an axial ligand of heme iron, the resulting increased accessibility of the iron atom to small molecules like H 2 O 2 should activate the "dormant" peroxidase function of the hemoprotein similar to the effects of CL and other anionic phospholipids (20) . To experimentally assess the ability of ␣-TOS and ␣-TOP to stimulate peroxidase activity of cytochrome c, we performed measurements of oxidation of a prototypical phenolic substrate, Amplex Red, to its product, resorufin. Both ␣-TOS and ␣-TOP were able to activate cytochrome c as a peroxidase as evidenced by the enhanced accumulation of resorufin. ␣-TOS exhibited a higher activating potential than ␣-TOP and, at higher concentrations, ␣-TOS was comparable with TOCL (Fig. 6A) . Interestingly, in the presence of TOCL, the stimulatory effect of TOS was not apparent (Fig. 6B) . As an alternative to the H 2 O 2 source of oxidizing equivalents, we tested the fatty acid hydroperoxide, 13 S-hydroperoxy-9Z,11E-octadecadienoic acid (FFA-OOH). FFA-OOH and H 2 O 2 have different binding sites on the cytochrome c molecule: H 2 O 2 was found to occupy a site in the proximity to His 18 , whereas FFA-OOH binds to a different site, with the hydroperoxy group located in proximity to Arg 38 and His 33 (43) . In line with previously reported data, FFA-OOHs were much better peroxidase substrates for cytochrome c/TOCL than H 2 O 2 , whereas the peroxidase activity of cytochrome c was only slightly increased by ␣-TOS and remained essentially unaffected by ␣-TOP (Fig. 7) . We further assessed the effect of ␣-TOS on the peroxidase activity of rat liver mitochondria induced by tert-butyl hydroperoxide (tBOOH). To improve delivery of ␣-TOS into the mitochondrial interior, the reagent was incorporated into liposomes containing DOPE, which is a fusogenic lipid commonly used in drug delivery, and sphingomyelin. Results of these experiments demonstrated that ␣-TOS activated peroxidase activity of mitochondria in a concentration-dependent manner (Fig. 8) . Similar results were obtained using an alternative protocol for improved delivery of ␣-TOS into mitochondria: its incorporation into liposomes containing triphenylphosphonium/PEG/PE, known to readily accumulate in mitochondria (44) . In this case, ␣-TOS caused a 150% increase of peroxidase activity.
Apoptosis Analysis-Assuming that peroxidase activation of cytochrome c is required for the execution of apoptotic program (20) , we studied the effects of ␣-TOS on apoptosis in mouse embryonic wild type (cytochrome c ϩ/ϩ ) cells and cytochrome c Ϫ/Ϫ cells. To target ␣-TOS into mitochondria, we employed its triphenylphosphonium conjugate, mito-VES, and assessed PS externalization as a hallmark of apoptosis (45) . H 2 O 2 (75 M) was utilized as an inducer of apoptosis and a source of oxidizing equivalents for the peroxidase activity of cytochrome c. We found that mito-VES, but not ␣-TOS, increased PS externalization in both cytochrome c ϩ/ϩ and cytochrome c Ϫ/Ϫ cells in a concentration-dependent manner.
Notably, simultaneous addition of ␣-TOS and H 2 O 2 resulted in a markedly stronger apoptosis in cytochrome c ϩ/ϩ cells than in cytochrome c Ϫ/Ϫ cells, whereas addition of H 2 O 2 itself was insufficient for the apoptosis induction (Fig. 9) . This indicates that the apoptogenic potential of mito-VES is dependent on the presence of cytochrome c, likely due to its peroxidase activity. These results are in line with the previously demonstrated markedly enhanced pro-apoptotic efficacy of mito-VES versus ␣-TOS (17).
DISCUSSION
Vital role of cytochrome c in safeguarding the uninterrupted flow of electrons between respiratory complexes III and IV of the mitochondrial respiratory chain has been challenged by the discoveries of its unexpected participation in cell death apoptotic pathways. This includes the involvement of cytochrome c as a peroxidase catalyst of CL peroxidation, required for the release of pro-apoptotic factors from mitochondria into the cytosol (18, 20) , and as one of the factors facilitating the formation of apoptosomes and caspase activation (46) . The dormant peroxidase function is conferred on cytochrome c by its interaction with a mitochondria-specific anionic phospholipid CL, normally asymmetrically confined to the inner mitochondrial membrane but redistributed to the outer membrane during apoptosis (with the likely participation of two candidate mitochondrial translocators: phospholipid scramblase-3 and nucleoside diphosphate kinase D (47, 48) . Binding of CL to cytochrome c causes unfolding of the protein, thus paving the way for peroxy donors, H 2 O 2 or organic (lipid) hydroperoxides, to the heme catalytic site (21) . The resultant peroxidase activity displays significant specificity toward CLs, yielding its highly diversified oxygenated species and their hydrolysis products, predominantly mono-lyso-CLs and oxygenated fatty acids, with signaling modalities (49 -51) . CL hydroperoxides can be utilized by the peroxidase complex as an alternative (to H 2 O 2 ) source of oxidizing equivalents, thus "perpetuating" the functioning of the peroxidase cycle (43, 47) . Although the significance of the peroxidase activation of cytochrome c in apoptosis has been documented (18, 20) , the uniqueness of CLs as endogenous activators is not unequivocal. Indeed, the structural requirements for the cytochrome c unfolding are relatively "loose," and it is possible that other molecules combining a hydrophobic chain with a negatively charged functionality may fulfill the requisite conditions (52) (53) (54) (55) (56) . Therefore, we hypothesized that TOC analogues ␣-TOS and ␣-TOP may act as activators of cytochrome c peroxidase function.
A redox-silent compound ␣-TOS has been recently documented as an anti-cancer drug inducing apoptosis in several types of tumor (but not normal) cells (11, 16, 17) . Mitochondria were shown to play a central role in ␣-TOS-induced apoptosis, and mitochondrial targeting of ␣-TOS by it tagging with the triphenylphosphonium group enhanced its pro-apoptotic effect (17) . It was suggested that possible mechanisms of induction of apoptosis induced by ␣-TOS involves induction of reactive oxygen species production by its interaction with the ubiquinone-binding site of mitochondrial complex II (16, 17, 57) . In addition, ␣-TOS demonstrated BH3 mimetic activity by blocking the interaction of the anti-apoptotic Bcl-2 family proteins with their pro-apoptotic counterparts (58) . Our data are compatible with yet another possible mechanism of ␣-TOS involvement in the induction of apoptosis via its ability to unfold cytochrome c and induce its peroxidase activity. Indeed, we demonstrated that ␣-TOS, effectively delivered into mitochondria, activates their tBuOOH-dependent peroxidase activity.
Notably, mito-VES (added along with H 2 O 2 ) displayed a markedly higher pro-apoptotic potential in mouse embryonic cytochrome c ϩ/ϩ cells compared with cytochrome c Ϫ/Ϫ cells, thus clearly demonstrating the dependence of its pro-apoptotic action on cytochrome c. It is possible that TOS-induced peroxidase activity of cytochrome c causes oxidation of CL. We found that binding of the negatively charged succinate moiety of ␣-TOS with cytochrome c occurs in close proximity to Lys (40, 41) still available for the interaction with CL. Thus an "alternatively" bound polyunsaturated CL can be a target for peroxidation by cytochrome c⅐␣-TOS complex provided the source of oxidizing equivalents is available. However, binding of CL to cytochrome c is not always required for its oxidation. For example, 1 electron oxidation intermediates generated by the peroxidase activity of cytochrome c/␣-TOS from a variety of phenolic compounds, phenoxyl radicals, can escape from the catalytic site and diffuse to the locales enriched with oxidizable lipid substrates, including those with the CL molecules. Thus, in the presence of phenolic compounds, however, the specificity of oxidation toward CL may not be high and other vulnerable substrates and reductants (e.g. other polyunsaturated lipids, thiols) can get oxidized (59) . This phenomenon, the so-called extension of the peroxidase catalytic site, has been documented for several peroxidases with a variety of phenolic compounds with appropriate redox potentials (60) but it has not yet been described for cytochrome c.
␣-TOP, in contrast to ␣-TOS, is ubiquitously present, albeit at rather low concentrations, in animal tissues as well as plants, and has been shown to be synthesized by cells (61, 62) . Our results demonstrated that TOP, at a TOP:cytochrome c ratio of 20:1, increases peroxidase activity of cytochrome c by more than 3-fold. Given the importance of cytochrome c activation in the execution of apoptotic program (18) , this suggests that TOP is a potential inducer of cytochrome c-dependent apoptosis. In fact, the ability of TOP to induce apoptosis has been demonstrated in THP-1 monocytes and murine MG-63 melanoma cells (61, 63) . However, this effect was observed only at TOP concentrations Ͼ50 M. Although the requirement of high concentrations of exogenously added TOP for its pro-apoptotic effect can be explained by the fact that only a small fraction of it partitions into the mitochondrial intermembrane space to form a peroxidase complex with cytochrome c, the question still remains whether intracellular TOP concentrations are sufficient for triggering apoptosis. In tissues of unsupplemented animals and humans, the basal ␣-TOP level was estimated as ϳ0.2 M (64). After supplementation with ␣-TP at a dose of 1.33 g/kg body weight for 4 weeks, this level was increased more than 100-fold to 29.4 M. Thus, endogenous levels of TOP are too low to expect its significant contribution to apoptotic cell death. However, its pharmacological effects may be due, at least in part, to its ability, at higher concentrations, to facilitate cell death pathways. Our structural studies, including heteronuclear NMR assessments, of intactness of Met 80 -Fe coordination bond, and high spin iron, along with the computer simulations, demonstrated that ␣-TOS and ␣-TOP, similarly to TOCL, interacted with cytochrome c and induced its unfolding. Thus both ␣-TOS and ␣-TOP can act as peroxidase activators, whereas the non-esterified parental compound, TOC, devoid of a negatively charged functionality, did not demonstrate this ability. However, there were substantial differences in the binding sites and the abilities of ␣-TOS and ␣-TOP to induce structural re-arrangements in cytochrome c. Molecular docking calculations demonstrated that the negatively charged succinate moiety of ␣-TOS was preferentially bound in close proximity to Lys 22 and Lys 25 (site L), whereas a more hydrophilic ␣-TOP was predicted to localize to a different site on cytochrome c electrostatically interacting with Lys 72 and Lys 73 (site A). Lys 72 and Lys 73 are, in particular, implicated as candidate replacement ligands of Met 80 during alkaline transition of cytochrome c and are thought to participate in electrostatic binding to anionic phospholipids. The predicted binding energy of ␣-TOP was lower than that of ␣-TOS. NMR studies indicated that ␣-TOP was a stronger modifier of cytochrome c structure than ␣-TOS. Similarly, ␣-TOP was more effective in disrupting the Met 80 -Fe bond and inducing accumulation of the high spin form of the hemoprotein.
Peroxidase activity measurements demonstrated the effectiveness of ␣-TOS and TOCL in activation of peroxidase activity of cytochrome c. Notably, computationally predicted similarity in cytochrome c binding sites for ␣-TOS and TOCL, and the lack of additive effects on peroxidase activity suggest that similar "unfolding" mechanisms may be triggered by these compounds. At the same time, mechanisms of activation of cytochrome c peroxidase activity by TOCL and ␣-TOS are not entirely identical as illustrated by differential responses of the respective cytochrome c complexes with either TOCL or ␣-TOS to FFA-OOH as a substrate for the peroxidase reaction. Interestingly, ␣-TOP demonstrated a much weaker potency as a peroxidase activator of cytochrome c than either ␣-TOS or TOCL. Apparent discrepancy between the markedly decreased absorbance at 695 nm along with its ability to trigger stronger changes in NH signals, characterizing rupture of the Fe-S(Met 80 ) bond, and small activation of peroxidase activity by ␣-TOP can be explained by different mechanisms involved. Although peroxidase activation requires a perturbation of the cytochrome c structure that allows access and interaction of small H 2 O 2 molecules with the heme iron catalytic site, complete rupture of the Fe-S(Met 80 ) bond is not obligatory. Moreover, differences in effects of ␣-TOP and ␣-TOS on unfolding of cytochrome c and its peroxidase activity can be explained by specificities of their binding with cytochrome c to Lys 72 /Lys 73 (site A) and Lys 22 / Lys 25 (site L), respectively. In ␣-TOS molecule, the hydroxy group in position 6 of its chromanol ring, required for the radical scavenging activity, is esterified with succinate. Because ␣-TOS activation of cytochrome c into a peroxidase is mainly due to a partial protein unfolding (Figs. 2 and 3) , rather than chemical interactions with the protein, it is unlikely that significant oxidation of ␣-TOS takes place. Notably, ␣-TOS itself has no antioxidant properties and does not undergo oxidation (65) . However, the esterified succinic acid moiety can be removed by cellular esterases thereby generating ␣-tocopherol. It was suggested that a comparatively higher esterase activity of normal cells versus low or negligible activity found in cancer cells can be responsible for the higher selectivity of ␣-TOS toward malignant cells (66, 67) . Thus formed tocopherol is prone to oxidative modifications but, in the absence of the succinic moiety, is incapable of inducing the peroxidase activity. Thus, it seems unlikely that cytochrome c can oxidize ␣-TOS.
In summary, using computational modeling and NMR studies, we demonstrate that ␣-TOS and ␣-TOP interact with cytochrome c at similar sites previously proposed for CL. Absorption spectroscopy showed that both ␣-TOS and ␣-TOP effectively disrupt the Fe-S(Met 80 ) bond indicating the unfolding of cytochrome c. By measuring the oxidation of a typical peroxidase substrate, Amplex Red, we showed that ␣-TOS and ␣-TOP can stimulate peroxidase activity of cytochrome c. Overall, the structural analysis indicates that "peroxidase" activation of cytochrome c may be achieved via several different unfolding pathways with specific enzymatic features. It is also possible that these distinctive peroxidase "subspecies" of cytochrome c would entertain different catalytic mechanisms, e.g. with alternate proportions of hemolytic versus heterolytic activation of peroxide substrates, resulting in diversified stereospecificity of CL peroxidation products. Physiologically, the significance of these alternate pathways may be realized through the hydrolysis of peroxidized CL leading to the production of different lipid mediators, oxygenated fatty acids, and oxygenated or non-oxygenated lyso-CLs with yet to be explored signaling functions (51) . ␣-TOS (and its mitochondrially targeted counterpart, mito-VES) and ␣-TOP can serve as activators of peroxidase activity of cytochrome c leading to CL oxidation as a step in the execution of the apoptotic program. These data may be instrumental in targeted design of novel regulators/activators of peroxidase activity of cytochrome c with desirable functions.
